-Numerals and categories referred to in the text and how they correspond with each other.
INTRODUCTION
One of the largest questions in paleobiology is how Earth environments have infl uenced the evolution of organisms in the past. Despite the simplicity of this last sentence, the question it describes is very complex, encompassing many different factors that interact with each other. In the present paper, I will argue for the logical importance of functional morphology in addressing this question, and demonstrate how rigorous functional morphology helps illuminate the correlation between the evolution of Ichthyopterygia and sea level changes in the Triassic.
The study of interaction between environments and organisms is an ecological one; however the question cannot be considered a simple combination of ecology and a long time axis. This is because organismal evolution occupies half of the question. Paleobiologists can make unique contributions to answering the large question raised at the beginning through clarifying organismal perspectives of the Earth-organism interactions in the past. It is unfortunately impossible for a paleobiologist to address all possible aspects of organismal evolution that took place in the changing Earth environments of the past; data availability quickly diminishes as we try to explore deeper time. Environments may affect both selection and mutation, but it is very diffi cult to study mutations based on fossilized data. This largely confi nes paleobiologists to studying selection. If environments were to select organisms, it should be through the way organisms interact with their environments. Such interactions occur at multiple levels, including chemical and physical transactions. Fossils preserve both physical and chemical data of the original organisms, with various degrees of modifi cations during preservation, so both transactions may potentially be studied by paleobiologists.
Geochemical approaches may be taken to quantitatively investigate the chemical data preserved in fossils, although much care has to be taken to account Abstract-How Earth and organisms interacted in the past is one of the largest questions in paleobiology. Observed histories of organisms and Earth environments need to be linked under a set of uniformitarian assumptions to address this question. Functional morphology, which studies how organismal body parts interact with their physical environments, is an important tool in establishing the link. Being uniformitarian or ergodic, functional morphology is most robust when directly incorporating physical (or mechanical) principles into hypotheses and their tests. Such 'physical functional morphology' may not be always possible, but the number of examples is slowly increasing. Once a series of robust functional inferences are made, it may be possible to study its correlation or correspondence with the historical record of environmental proxies. This framework was applied to the Mesozoic marine reptiles Ichthyopterygia, which is known for the evolution of fi sh-shaped body profi les in the derived clade Parvipelvia. A suite of evidence suggests that parvipelvians had advanced cruising ability and dark-adapted vision that were lacking in the more basal forms, which they replaced during the major marine transgression between the latest Anisian (Middle Triassic) and the middle Norian (Late Triassic). The ability to forage in broader expanses of and deeper water may have enabled parvipelvians to survive when shallow water environments became reduced during the major regression phase, but much more study is needed to test such an inference.
for diagenetic alterations, especially if the fossils are very old. Despite the usefulness of geochemical data, the fact remains that most of the information preserved in fossils is physical. To be specifi c, morphology is the best preserved and most reliable of the physical properties of the original organism. It therefore seems natural for paleobiologists to use morphological information to investigate physical transactions between an organism and its environment. Such studies are usually in the realm of functional morphology or functional ecology.
Despite its importance as a link between organisms and their environments, the validity of functional morphology in paleontology has been controversial. For example, Lauder (1995) pointed out the diffi culty of matching a particular function with a specifi c structure-organismal structures are usually used for more than one function, whereas a given function usually employs multiple structures ( Fig. 1.1 ). This bias could be substantial even when studying living vertebrates, not to mention fossil forms. It is therefore very important that a viable framework for functional morphology be established. The purpose of the present contribution is three-fold: fi rst, to lay a framework of robust functional morphology using physical principles; second, to propose a way to merge functional morphology with historical data to address the major question of how Earth environment has infl uenced the evolution of organisms; and third, to give an example that demonstrates the effectiveness of the proposed approach and discuss future problems.
MATERIALS AND METHODS

Terminology
Before explaining the framework of robust functional morphology, it is necessary to clarify the way some common terms are used in this paper in regard to the distinction and correspondence between categorical and numerical notions (Table 1) . Numerals are continuous quantities whereas categories are punctuated qualities. Categories may represent punctuation of a numeral into an ordered series of names (e.g., continuous distribution of length divided into short, medium, and long), or unordered names given to observations sharing qualitative similarities of comparable order (e.g., head, arms, legs, etc. Figure 1 -Schematic drawing depicting one of the diffi culties in functional morphology. 1, correspondence between a function and structure is diverse, making it diffi cult to decipher what function may restrict the geometry of which structure and therefore physical functional morphology is impossible; 2, Function B physically requires Structure D to have a narrow range of geometry, clarifying the correspondence and enabling physical functional morphology. some of these terms often vary from author to author, whereas it is important to clearly distinguish between categories and numerals. Function, in the present paper, is categorical, whereas performance is its associated numeral. Similarly, structure is categorical, with size and shape (which are collectively referred to as geometries) as associated numerals. Note that correlations, in statistical sense, can only be established among numerals (and ordered categories), whereas equivalent relationships involving unordered categories are called correspondences. Functions are seldom ordered, so it is usually diffi cult to fi nd their correlation with other factors.
Software
All statistical calculations were performed in R 2.6.2. The packages gplots, klaR, Rcmdr, rda, and smatr were used in addition to the base package. Note that the original Regularized Discriminant Analysis (Friedman, 1989 ) is implemented in klaR and not rda. Sequence stratigraphic record of marine depositional sequences and Transgression/Regression cycles were drawn using Time Scale Creator 1.0 (http://www. tscreator.com), which complies with the Geologic Time Scale 2004 (Gradstein et al., 2005) . The following software packages were used for fi gures: Adobe Illustrator and Photoshop, CorelDraw, and ImageJ.
STUDY FRAMEWORK
It is useful to fi rst discuss the logical foundation of functional morphology in paleobiology, starting from the informational structure. Paleobiological studies use two lines of evidence, historical and uniformitarian. The primary data source of the discipline, namely the fossil record, provides historical information of the life of the past. Paleobiologists have compiled the data on the history of life, as preserved in the fossil record, over the centuries (e.g., Alroy et al., 2001; Sepkoski, 2002) . There is no question that this is the most important and unique data source of the discipline. However, historical data need to be interpreted, and in so doing paleobiologists often rely on a uniformitarian assumption that the biosphere of the past operated according to the same principles as the biosphere that we know today. For example, if we argue that the fi sh-shaped ichthyopterygians of the Jurassic swam in the manner similar to tunas, we are implicitly assuming that the basic fl uid mechanical laws surrounding the interactions between water and a swimming structure have not changed between now and then. The best possible picture of the history of life emerges when carefully examined uniformitarian interpretations are given to the historical data from the fossil record. However, uniformitarian interpretations, including functional morphology, require much caution.
Fundamental to uniformitarian interpretations is an assumption that physical principles have not changed through time. This primary assumption may be naïve in a strict sense, but approximately holds at least through a large part of the Phanerozoic. The temporal uniformity of physical principles underlies similar uniformity occurring at higher levels, such as chemistry, geology, and biology. More errors are accumulated as we climb up the levels, ultimately leading to temporal nonuniformity of many factors in, say, ecology. Let us suppose that we observed a statistically signifi cant correlation (or correspondence) between two features in the biosphere today. The correlation may be superfi cial or coincidental, so we cannot assume that the same existed in the past without going though the following two steps: fi rst, fi nd an underlying cause or a mechanism that explains the observed correlation; and second, establish that the same cause or mechanism also existed in the past. Such scrutiny should ultimately trace the causes down to the fundamental level of physics.
It is evident from the discussion above that uniformitarian inferences are most robust when physical principles are directly incorporated into hypotheses and their tests. Functional morphology is no exception. Motani (2005) argued that incorporation of physical principles strengthens functional morphology through adding a fundamental angle. He proposed three levels of functional morphology depending on the degree of quantifi cation and physical principles involved, which are presented below with revisions ( Lauder (1995) pointed out-a structure is often multi-functional ( Fig. 1.1) , therefore its geometry, sensu Table  1 , is a compromise between different sets of physical requirements to perform these various functions. The only cases where it is possible are when a given function requires a strict set of physical properties upon a structure that performs it, leaving little room for modifi cation through compromises with requirements from other functions. In such cases, the geometry of the particular structure should predominantly refl ect the requirement from that single function alone ( Fig. 1.2) . This opens the possibility that the geometry of such a structure, when measured and interpreted according to a physics-based model, would allow estimation of the function and its associated performance. For example, vertebrate eyes need to operate under optical principles so that an image of suffi cient brightness is properly formed on the retina, and this makes it difficult for certain elements of the eye to have drastically unusual geometries (Walls, 1942; Schmitz et al., in review) . As a result, three macro-anatomical distances in the eyeball (lens and eyeball diameters plus eyeball length) stringently refl ect two important optical performance features (f-number and retinal luminance index). Given these correlations, it is possible to classify a given terrestrial diapsid as nocturnal, diurnal, or inbetween (cathemeral or crepuscular) by measuring just these three distances and combining them according to optical equations (Schmitz et al., in review) . Such an inference is based on optical principles and qualifi es as Level 3. Overall, cases for Level 3 functional morphology are usually found in features that evolved many times convergently, refl ecting a single function (e.g., nocturnal eye design, tuna-shaped cruising body plan); physical requirements to perform such a function are expected to be stringent. In many cases, convergent evolution may not be obvious because multiple anatomical structures may perform a single function together, obscuring what part of which structure may face the most stringent requirements to perform a given function. In these cases, it is sometimes unavoidable to start with Level 2 functional morphology and advance it toward Level 3 later. Such improvement may be made possible with help from multivariate statistical methods, such as step classifi cation with linear, quadratic, or regularized discriminant analyses (LDA, QDA, and RDA, respectively). For example, Hinic-Frlog and Motani (in review) investigated the convergent evolution of swimming in birds using this approach. They started by measuring 32 osteological distances that may refl ect the swimming modes of over 400 extant bird species. An RDA analysis of these numerals and the known swimming modes of the relevant species resulted in a classifi cation function that correctly assigned all water birds in the data set into their respective swimming modes without a single error. This classifi cation function may be used to predict the swimming mode of a fossil bird as long as all 32 bone measurements are available. Whereas such a method is useful when inferring the swimming modes of fossil birds and discussing the evolution of swimming through time, it is important to note that inferences are made at Level 2-physical (or mechanical) reasons are still unclear as to why the statistically signifi cant correspondence between bone measurements and swimming modes exist. Hinic-Frlog and Motani (in review) then used step classifi cation with RDA and selected seven osteological distances that are most informative for swimming mode classifi cation (the seven could correctly classify about 95% of the water birds). The authors further investigated the mechanical roles of the seven osteological distances during swimming to advance the functional inference toward Level 3.
Once a robust system to infer functions from morphology is established, it is then possible to apply it to the historical record of evolution to deepen our understanding. For example, following up with the previous example of eye function, it is possible to trace the evolution of nocturnal vision along a phylogenetic tree of diapsids to reconstruct the history of the evolution of nocturnality in diapsids. The evolutionary history of a function thus reconstructed can then be compared to the historical record of environmental proxies to examine if there is a correlation between the functional evolution and environmental changes. Environmental data, such as stable isotope fl uctuation, sequence stratigraphic record, and plate tectonic reconstructions, may be used for this purpose. For example, the correlation between the evolution of nocturnality in diapsids and the historical record of environmental factors, such as the mean global temperature, can be tested to see if there is any particular environmental factor that was associated with the appearance of nocturnal clades through time.
It should be noted that many serious attempts have been made to practice rigorous functional morphology by authors other than those mentioned above. Examples include Gatesy and Dial (1996) , O' Keefe and Carrano (2005) , and Heesy (2008) . The examples discussed earlier were chosen only because they explicitly aimed to incorporate physical principles according to the author's limited knowledge. A minimal number of studies were given only to demonstrate points, so the list is not meant to be explicit.
Statistical Methods
It is probably worthwhile to comment on the multivariate methods to be used in the analysis of function and morphology. Principal component analysis (PCA) is a common multivariate method used by paleobiologists. Whereas it is a well established exploratory tool, it is not preferable when it comes to incorporate function as a category. PCA is not designed to directly combine numerals and categories (i.e., anatomical measurements and functions, respectively), unlike the various discriminant analyses. PCA fi nds orthogonal axes along which the maximal variances in the data set are seen, but expecting these axes to delineate among different functional categories implicitly assumes that the functions being investigated are the major cause of the variances in the data set. In reality, the variances likely arose from multiple causes, including many other functions of the body and non-functional factors, such as phylogeny, sexual dimorphism, and growth errors. Therefore, even if the principal component space fails to delineate among the functions in question, it does not mean that there is no morphospace where the functions can be discriminated from each other.
As long as categories are clearly defi ned by nature, as in the swimming modes in the swimming bird example given in the Study Framework section, it is preferable to use one of the discriminant analyses rather than PCA. These analyses benefi t from incorporating additional information over PCA, i.e., the known functional categories. The same line of argument is probably valid for geometric morphometric analyses. It is common to use PCA, but discriminant analyses are more appropriate if the categories are known (e.g., analysis of sexual dimorphism where genders are known, or analysis of the morphology of extinction survivors where survivorship is known).
Of the three discriminant analyses mentioned earlier, RDA is probably most preferable. LDA assumes that the covariances among characters are constant regardless of the functional regimes, whereas QDA assumes the covariances to be completely different from one functional regime to another. In reality, it is likely that all water birds, for example, share a certain degree of covariances for being birds but not completely the same because of the difference in swimming manners. Such a middle ground is covered by RDA (Friedman, 1989) . Both Schmitz et al. (in review) and Hinic-Frlog and Motani (in review) found that RDA led to lower misclassifi cation rates than LDA or QDA.
Other branches of discriminant analyses include Flexible (Hastie et al., 1994) , Penalized (Hastie and Tibshirani, 1996) , Mixed (Hastie et al., 1995) , and Shrunken Centroid Regularized Discriminant Analyses (Guo et al., 2005 )-FDA, PDA, MDA, and SCRDA, respectively. For example, FDA allows nonlinear discriminant functions, which would enable a wide array of physics-based equations to be used for discrimination. MDA allows subsetting of each category, which may be useful when, for example, sexual dimorphism is present in functional analyses. All of them require more assumptions than the simpler discriminant analyses discussed earlier, but may be useful when testing specifi c models. However, experimentations with these methods using the data sets for Hinic-Frlog and Motani (in review) and Schmitz et al. (in review) did not necessarily lead to more accurate classifi cation results than simple RDA of log-transformed data set.
ICHTHYOPTERYGIAN EXAMPLE
Now that the study framework is laid, I will give an example from the studies of ichthyopterygians. Ichthyopterygians are a group of marine reptiles that fl ourished in the Mesozoic. They are especially noted for the evolution of fi sh-shaped body outline (Fig.  2) that was derived from a tetrapod body plan. The evolution of fi sh-shape was completed within the fi rst ca. 30 million years of their ca. 150-million-year history (Motani, 2005) . The example below illuminates how swimming evolved in ichthyopterygians, and if the evolution corresponded to the changes of sea level through time.
HISTORICAL RECORD Phylogeny
Published phylogenetic hypotheses agree in that the so-called fi sh-shaped ichthyopterygians constituted the clade Parvipelvia (Motani, 1999; Maisch and Matzke, 2000; Sander, 2000) . Apart from the fi shshaped body plan, the members of the clade shared the name-deriving small pelvic girdle with a narrow rodshaped pubis. Parvipelvians and their successive sister groups, namely Californosaurus and Toretocnemidae, are nested in the clade Euichthyosauria (Motani, 1999) . These two forms, which may form a clade, were largely fi sh-shaped (e.g., Motani, 1998; Nicholls et al., 2002) , although they still retained plate-like pubes whereas their haemal spines were exceptionally long and sometimes strongly curved, unlike in any other ichthyopterygians. Their inclusion in the fi sh-shaped ichthyopterygians still needs to be scrutinized in the future. The paraphylum outside of the Euichthyosauria may be divided into grades in many different ways, depending on the choice of characters. For the purpose of the present paper, it is probably most useful to divide it into two grades based on the general body shape (Fig.2) . The most basal grade comprises the so-called lizard-shaped ichthyopterygians (Motani, 2005) ; these forms indeed exhibited many aquatic adaptations and did not resemble lizards in anatomical details almost at all, but appeared as if they had been a lizard with fl ippers if superfi cially viewed from outside. The grade between the lizard-and fi sh-shaped ichthyopterygians is referred to as the transitional grade in this paper.
The transitional grade has been understood poorly until recently, when complete skeletons started to be discovered in Guizhou Province, China (Li, 1999; Jiang et al., 2005) . Their body plans were intermediate between those of typical lizard-and fi sh-shaped ichthyopterygians. Transitional ichthyopterygians had the tailbend, a downturn of the caudal vertebral column that marks the anterior end of the caudal fl uke in parvipelvian ichthyopterygians. This probably suggests that they had a caudal fl uke. However, the osteological construction of the tailbend, as well as how vertebral size changes in the tail, drastically differed from those in parvipelvians. For example, clearly wedge-shaped vertebral centra that form a pre-fl uke joint are thus far unknown in the transitional grade. Also, the vertebral column posterior to the tailbend was disproportionately long compared to the parvipelvian condition. Typical transitional ichthyopterygians had a long and slender body and short tail stem, retaining the features of lizard-shaped ichthyopterygians. The largest vertebrae are usually found in the tail stem in both lizard-shaped and parvipelvian ichthyopterygians, whereas the tail stem vertebrae of transitional ichthyopterygians were smaller than the sacral vertebrae. This feature is shared with basal euichthyosaurs, which suggests that these forms may be interpreted as the most derived members of the transitional grade (Fig. 2) . More thorough descriptions will be published separately in the future; the brief description above suffi ces for the purpose of this paper.
Stratigraphy
Ichthyopterygians appeared near the end of the Early Triassic (late Spathian) along the coast of Northern Panthalassa, geologically simultaneously in China, Japan, Canada, and Spitzbergen (McGowan and Motani, 2003) . Early Triassic genera had localized distributions, whereas later genera were distributed semi-globally. Most Early and Middle Triassic forms belonged to the basal grade (lizard-shaped ichthyopterygians), which became extinct before the Carnian. The Ladin- ian (Middle Triassic) fossil record of ichthyopterygians is largely limited to the Upper Saurian Level of Spitzbergen (Wiman, 1910) . The genus Pessosaurus from there is sometimes considered a nomen dubium given the incompleteness of the specimens (Sander and Faber, 1998; Motani, 1999 ), but it is nevertheless an important form because it does not seem to belong to the grade of lizard-shaped ichthyopterygians. New discoveries from the lower Carnian of Southwestern China (e.g., Li, 1999; Yin et al., 2000) are revealing complete specimens of transitional ichthyopterygians that allow us to consider Pessosaurus as belonging to the grade of transitional ichthyopterygians (McGowan and Motani, 2003) . It is therefore most likely that the transitional grade coexisted with the basal grade of lizard-shaped ichthyopterygians during the Ladinian (Fig. 3 ). All forms from the Carnian belonged to the transitional grade, although with variations (unpublished observation). Transitional ichthyopterygians became extinct before the late Norian. Fish-shaped ichthyopterygians are fi rst known from the lower Norian and initially co-existed with transitional ichthyopterygians, according to the best known Norian fauna from the Williston Lake, British Columbia (McGowan, 1996) . They quickly became dominant by the middle Norian and proved very successful-they survived the end-Triassic extinction without being much affected and persisted at least until the Cenomanian without a major change in their body plan.
Sea Level Record
Sequence stratigraphy suggests that the world went through a major marine transgression period from the Induan (Early Triassic) to the latest Anisian (Middle Triassic) (Gradstein et al., 2005) . This was followed by a major regression time period that lasted until near the end of the middle Norian (Late Triassic). There were numerous iterations of smaller scale transgressions and regression within each of the major trends (Fig. 3) .
UNIFORMITARIAN INTERPRETATIONS Swimming
Inference of swimming styles in various ichthyopterygians are not necessarily based on Level 3 functional morphology at this point, but some general interpretations have been made at Level 2 and slightly beyond. General body proportions of ichthyopterygians may be compared to those of neoselachian sharks (Motani et al., 1996, fi g. 2) . A quantitative comparison of two indices (i.e., relative body depth and tail depth) suggests that basal lizard-shaped ichthyopterygians were similar to cat sharks (scyliorhynids) whereas derived fi shshaped forms resembled lamnid sharks. Judging from how these modern analogues swim, it seems plausible that lizard-shaped ichthyopterygians had high maneuverability at slow speed with ability for occasional acceleration, whereas fast and prolonged cruising was possible in parvipelvian ichthyopterygians. This is a Level 2 functional inference because the reason why there is a correlation between swimming style and the two indices is not clearly described in physics-based equations. However, qualitative assessments do suggest that deeper bodies are more rigid, whereas taller tail fl ukes enable slower tailbeat cycle-both are characteristic of tuna-like cruisers. Transitional ichthyopterygians were not included in the original study (Motani et al., 1996) because their body plan was not well-known at the time. I reanalyzed the data to account for the allometric scaling that was ignored in the original study (Fig. 4) . First, a bivariate regression was performed on each pair of variables used by Motani et al. (1996) after log transformation. The pairs were caudal fi n height versus length, and body depth versus length. A common Standardized Major Axis (SMA) slope that best fi t all taxonomic groups with three or more samples was calculated, and this slope and the mean of all data were used to fi nd the intercept. The common slope among the groups was preferred over the simple SMA slope from the pooled data points because the high diversity of the neoselachian body plan resulted in variable taxon-dependent intercepts that biases the latter. Once the two regression parameters to defi ne the regression line were found, the residual from this line in the log-linear space was calculated for each data point and used for Figure 4 . Note that this revised analysis still remains at Level 2.
The revised plot resembles the original in basic confi guration while differing from it in some details. The differences include the clear separation of Mixosaurus from the main diagonal sequence of scyli-orhynids, carcharhinids, and lamnids (Fig. 4, arrow) ; it now appears among deep-bodied and long-tailed sharks (sphyrnids and alopiids) that form a branch off the main sequence (see Discussion). I added Guanlingsaurus lingae, a transitional ichthyopterygian, to Figure 4 based on the preliminary reconstruction in Figure 2 . The dorsal lobe of the caudal fl uke was reconstructed conservatively and appears reminiscent of the caudal fi ns of certain neoselachians, such as carcharhinids and sphyrnids. Unsurprisingly, G. lingae appeared at the intersection between these two groups and scyliorhynids. This position in the morphospace is intermediate between lizard-and fi sh-shaped ichthyosaurs. However, it should be noted that the diagonal arrow does not necessarily represent the evolutionary pathway. Rather, it should be strictly interpreted as an axis that represents the degree of fi sh-shape. It is diffi cult to decipher the exact boundaries among lizardshaped, transitional, and fi sh-shaped body profi les, but approximate numbers are listed here for clarity: lizard shape (log caudal fi n H/L residual < -0.1, log body H/L residual < -0.05); fi sh shape (>0.1, >0.05); and transitional (the rest).
Cruising capabilities of parvipelvian ichthyopterygians can be further scrutinized based on osteology. Living thunniform cruisers are known to have a joint in front of the caudal fi n that enables adjustments of the angle of attack of the fi n. The parvipelvian tailbend Figure 2 . The width of diversity rectangles indicate relative generic diversity without uncorrected for preservational biases. Asterisk denotes that the rectangle for transitional ichthyopterygians was truncated at the end of the major marine regression, although the data were compiled at the stage level. This is because it is misleading to extend the rectangle to the end of the Norian, i.e., until after the major regression, when their last occurrence is early in the middle Norian-In contrast, a record exists for a late Norian parvipelvian.
structure has been suggested to have formed such a pre-fl uke joint (McGowan, 1992) , whereas a balland-socket joint is known in the tailbend area at least in mature Ophthalmosaurus (Seeley, 1908; Kirton, 1983) . Lizard-shaped and transitional ichthyopterygians lacked this feature, suggesting that tuna-like cruising style was not achieved until parvipelvians appeared. Another line of support for cruising in parvipelvians is provided from a simple hydrodynamic modeling. Motani (2002a) showed that it was possible to estimate the optimal cruising speed of a large fi sh-shaped vertebrate with a tall demarcated caudal fi n based on two measurements, namely the body length and the height of the caudal fi n, using two equations of hydrodynamic signifi cance. The optimal speed is the speed at which the total energetic cost of moving the body for a unit distance is minimal. The method successfully estimated the cruising speed of selected living vertebrate swimmers with high accuracy. The height of the caudal fi n is measurable in some specimens of Stenopterygius, a parvipelvian ichthyopterygian from the Lower Jurassic, for which approximate body outlines are preserved. Calculations suggested that ten individuals of Stenopterygius, from a newborn to large adult, had optimal speeds comparable to those of similarly sized tunas (but slower than those of similarly sized dolphins). This study provides equation-based support for the inference that the so-called fi sh-shaped ichthyopterygians had likely been tuna-like cruisers at Level 3. Massare (1988) proposed an entirely different way of estimating the critical cruising speeds of marine vertebrates based on energetic equations during swimming. The critical speed is the maximum speed that can be sustained for a given duration (usually one hour), and is usually faster than the optimal speed. This method requires the metabolic rates to be known a priori to enable calculation. Motani (2002b) modifi ed the equation to calculate the optimal, rather than critical, cruising speed and found that the estimated optimal speeds of Stenopterygius based on this method were comparable to the estimates from Motani (2002a) when basal metabolic rates similar to those of tunas were assumed for Stenopterygius. Given that tunas have higher metabolic rates than typical ectotherms, the results suggest that parvipelvian ichthyopteryg- ians probably had some physiological adaptation to be tuna-like cruisers. Level 3 inferences for the lizard-shaped and transitional ichthyopterygians are not yet possible. One of the possible approaches to resolve the problem may be to study the hydrodynamics of the caudal fi n in these forms. Also, a detailed study and comparison of vertebral columns in various ichthyopterygians should be helpful, given that all of them used their body axis for swimming. These remain to be explored in the future.
Optics
Ichthyopterygians are generally known for their enormous eyeballs . The relative eye size to body length increased twice during the evolution of ichthyopterygians: fi rst when parvipelvian ichthyopterygians appeared in the Late Triassic, and second when Ophthalmosaurus appeared among parvipelvians in the Middle Jurassic (Motani, 2005) . Larger eyeballs usually have more space for photoreceptive cells and therefore higher visual capacity-increase in cell numbers leads to improved acuity, whereas enlargement of each cell enables higher sensitivity (Walls, 1942) . Then, a Level 2 inference can be made that visual capacity was enhanced in parvipelvian ichthyopterygians relative to the others, although it is not clear whether the acuity or sensitivity was enhanced (Motani, 2005) .
As mentioned earlier in the Study Framework section, certain macro anatomical distances of an eyeball are tightly correlated with optical parameters, indicating that optical requirements to form a suffi ciently bright image on the retina stringently constrain possible morphology of eyeballs. For example, it has been known that the posterior nodal distance (PND) of the eye optical system is linearly proportional to the length of the eyeball (e.g., Martin, 1983; Schmitz, in review) , and the maximum aperture diameter (A) is also linearly proportional to the internal diameter of sclerotic rings, if they exist (Schmitz, in review) . This allows estimation of some optical parameters based on anatomical distances of the eye. Motani et al. (1999) applied this knowledge to fossils for the fi rst time, and estimated f-numbers of fi ve ichthyopterygian eyeballs. F-number is a widely used index that describes the relative brightness of an optical system, calculated as the ratio of PND over A. The lower the fnumber the brighter the optical system: it is about 2.1 in humans and 0.9-1.1 in rats, refl ecting diel activity patterns. Estimates suggest that the lizard-shaped ichthyopterygian Cymbospondylus had a high f-number comparable to that of humans, whereas the values for Ophthalmosaurus were low, resembling those of rats and cats Motani, 2005) . Parvipelvians approximately fell in the range between 1.0-1.6. This enables a Level 3 functional inference that the eyes of parvipelvian ichthyopterygians were adapted to cope with darker environments than those of lizardshaped ichthyopterygians. A preliminary calculation suggests that transitional ichthyosaurs had f-numbers between typical lizard-shaped and parvipelvian ichthyopterygians, with some overlaps. Therefore, not only their body plan but also visual adaptation was transitional between lizard-shaped and parvipelvian ichthyopterygians. The f-number for basal euichthyosaurs is unknown. Complete skulls are available for Qianichthyosaurus, but their fl attened preservations prevent the calculation of f-numbers. The genus had enormously large eyes for the body, with large sclerotic ring apertures (e.g., Nicholls et al., 2003, fi g. 2) , so it is likely that their visual adaptation was similar to what is seen in parvipelvians.
The interpretation of dark-adapted eyes in parvipelvians could be controversial. Having been airbreathers without the ability to move on land, parvipelvian ichthyopterygians probably rarely slept completely, as in living cetaceans (Rattenborg et al., 2000) . Cetaceans usually keep one eye open (ASEC: Asynchronous Eye Closure) while letting one side of the brain sleep (USWS: Unihemispheric Slow Wave Sleep), and are able to detect visual signals with the open eye while breathing without waking up the sleeping side. USWS has not been positively or negatively confi rmed in reptiles, but ASEC is known in among Crocodylia, Testudines, and Squamata. It is therefore likely that parvipelvians probably kept at least one eye open most of the time. Then, being able to see in both dark and bright environments must have been helpful. However, if this was the only advantage, it leaves a question of how more basal ichthyopterygians, especially Cymbospondylus with its large body size that most likely prevented terrestrial locomotion, coped with the same condition-dark-adapted eyes did not evolve for the fi rst 30 million years of ichthyopterygian evolution. Adding to this is the fact that live birth in ichthyopterygians is known as early as 10 million years after their appearance, indicating that ichthyopterygians probably stopped resting on land well before the appearance of the dark adapted eyes. It is therefore worthwhile to consider other advantages of dark-adapted vision apart from extended activity time.
One such possibility is vision at greater water depths-light level diminishes quickly as animals dive. Then, dark-adapted vision of parvipelvians may indicate that these derived ichthyopterygians explored deeper parts of the ocean than the more basal ichthyopterygians did. Diving in parvipelvians also seems reasonable in that the dark-adapted eyes evolved in conjunction with cruising ability, which is also needed for diving. Deep diving, in addition to prolonged cruising, must have enabled parvipelvians to forage in a greater volume of water than the more basal ichthyopterygians did. Motani et al. (1999) suggested deep diving in Ophthalmosaurus, assuming that it may have been foraging for cephalopods that move vertically along the water column every day, as do deep-diving cetaceans today. Lindberg and Pyenson (2007) have since examined the evolutionary history of deep diving cephalopods and noted that the clade containing living lineages with diel migration may have emerged between 161 and 146 million years ago according to their combined molecular and morphological estimates. Whereas this timing coincides very well with the appearance of Ophthalmosaurus (ca. 150 ma), which had the lowest f-number of all ichthyopterygians examined so far, it is too late for more basal parvipelvians. It may appear that this leaves a question of what prey items may have been available to early parvipelvians at depths. However, there is no necessity that these particular lineages of cephalopods were the only food source at depths, or that early parvipelvians dived as deeply as Ophthalmosaurus, following daily migration of prey. It seems plausible to assume that demersal organisms, including fi sh, were present in the Late Triassic to Early Jurassic, and some of them lived deeper than the others. Deep epipelagic to uppermost mesopelagic diving is known among delphinids today (Shreer and Kovacs, 1997), which are comparable to early parvipelvians in body size. Also, enlarged eyes are known in certain large cruising vertebrates that dive deeper compared to their sister species, reaching deep epipelagic and uppermost mesopelagic zones; these include Bigeye Tuna, Thunnus obesus (Collette and Nauen, 1983) , and Bigeye Thresher, Alopias superciliosus (Compagno, 2001) . Note that cetaceans use senses other than vision (Jefferson et al., 1993 ) and therefore do not exhibit enlargement of eyeballs depending on diving depth. Overall, deeper diving in parvipelvians than in more basal ichthyopterygians remains a plausible assumption.
COMBINED PERSPECTIVE
This section describes a working example of how historical and uniformitarian perspectives may be combined. The example is admittedly premature and remains speculative. However, it is still given here for the sole purpose of pointing out a possible way that may be improved in the future through elaboration, such as additional methodologies and data.
Combination of uniformitarian functional interpretation and historical record suggests the following simplifi ed scenario for the evolution of swimming in ichthyopterygians relative to sea level changes. Ichthyopterygians invaded the marine realm early in a major marine transgression phase, when the body of shallow coastal water was expanding. Early ichthyopterygians were all lizard-shaped and most likely lived in the shallow waters given their inferred maneuverability at low speeds. Once a major regression phase started during the Middle Triassic, shrinking the body of shallow waters, the lizard-shaped ichthyopterygians declined, giving way to transitional ichthyopterygians that emerged then. Transitional ichthyopterygians thrived through the major regression phase, but they became extinct before the next major transgression that started near the end of the middle Norian. Toward the end of the major regression, parvipelvian ichthyopterygians that emerged in the early Norian quickly became dominant. These cruising ichthyopterygians survived into the next major transgression phase and much further, as stated earlier. There is no indication that the body plan drastically changed in parvipelvians, although some swimming style variations have been inferred among them (Buchholtz, 2001) .
The apparent correlation between the sea level change and ichthyopterygian body plan evolution may be a coincidence. It is possible to quantitatively estab-lish a correlation between the marine regression and the ichthyopterygian body plan, although it is probably not very meaningful to do so given the limited resolution of the data. For the sake of being quantitative, I present here an example test of correlation between two ordered series representing the fi sh-shaped-ness and marine regression progress. I scored presence/absence of ichthyopterygian genera for each geological stage of the Triassic (Table 3) , and then each genus was given a weight depending on their body plan: lizard-shape as 0, transitional 1, and fi sh-shape 3. Basal euichthyosaurs, which are fi sh-shaped with room for controversy, were given a score of 2. Weights were added for each stage and divided by the total number of genera in that stage, giving a weighted average that is used as the fi sh-shape score of a given geological stage. I also counted the number of regression sequences that were completed or at least initiated by the time each stage started using Figure 3 . Only the regression sequences within the major regression phase between the late Anisian and late Norian (i.e., between two dotted lines in Fig. 3) were counted. This became Table 3-Presence/absence of ichthyopterygian genera through Triassic stages, with fi sh-shape, dark adaptation, and marine regression scores for each stage. Abbreviations: L, lizard-shaped; T, transitional; C, Controversial fi sh-shaped; F, fi sh-shaped. See Figure 3 for the complete spelling of each stage names. See text for how each score was calculated.
the marine regression score. I then tested for the rank correlation between fi sh-shape and marine regression scores. Unsurprisingly, the Spearman's rho was 1, largely thanks to the low resolution of the data (see Discussion), whereas the absence of a positive correlation between the two is rejected (p=0.008).
The rank correlation between dark adaptation of the eyes and marine regression was tested in a similar fashion. Dark adaptation scores were given to each genus as follows: lizard-shaped ichthyopterygians as 0; transitional as 1, and fi sh-shaped as 2, including the controversial euichthyosaurs. These scores were summed and divided in the same manner as in fi shshape score for each stage, and the rank correlation between these scores and marine regression scores was tested. As a result of the lower resolution in dark adaptation scores, Norian and Rhaetian had identical scores given the low signifi cant fi gure of 1 digit. Still, Spearman's rho was 1 after rounding the non-significant digits, whereas the absence of a positive correlation was rejected (p=0.002).
The apparent correlation between the major sea level fl uctuations and the evolution of swimming and eye functions in ichthyopterygians suggests that cruising, in conjunction with dark-adapted vision, may have enabled ichthyopterygians to survive through the major regression phase of the Middle-Late Triassic. The parvipelvian ability to forage in a large volume of water by swimming far as well as deeply may have proved useful when foraging for food in the world where the body of shallow coastal water was shrinking. Given that non-parvipelvian ichthyopterygians did not survive the major regression period of the Late Triassic, it is not impossible that the sea-level changes infl uenced the evolution of ichthyopterygians during that time by eliminating non-parvipelvian forms. However, such an inference remain speculative given the low resolution of the data, as well as the lack of consideration of many other factors, such as the depositional environments of ichthyopterygian fossils and the proportion of deep and shallow seas through geologic time.
DISCUSSION
There is one obvious problem that any study would face when aiming to address the question of how Earth environment infl uenced the evolution of organisms. That is, it is diffi cult to fi rmly establish the cause-effect relationships between the environmental and evolutionary changes. It may be possible to statistically establish a correlation or correspondence between them, but cause-effect relationships have to be examined from a different angle. One way may be to build an analytical model of cause-effect relationships in equation terms, and test the equation with empirical data from the historical record. However, most equations cannot distinguish between cause and effect without considering the time it takes for a cause to have an effect, resulting in a time lag between the two observations. However, as punctuated equilibrium theory pointed out, evolutionary changes could occur very quickly, especially in vertebrates (Carroll, 1997) , often beyond the resolution of the data that are available for many environmental changes. Then, the possibility of testing the cause-effect relationships between environmental and evolutionary changes is not very high at the resolution available in the fossil record of Mesozoic vertebrates.
The present framework is no exception. In the case of ichthyopterygian example above, the cause-effect relationship is addressed only qualitatively through an untested hypothesis that marine regression and the resulting decrease of shallow water was disadvantageous for non-cruising ichthyopterygians that could not swim very far or deep. It is probably possible to test this assumption further by examining other groups of air-breathing marine vertebrates in the Triassic to see if coastal forms similarly declined during this major marine regression. The current inference would become more robust if the same were observed across all marine reptile groups that lived at the same time. Such a study is on-going with help from taxonomic specialists of relevant vertebrate groups.
Similarly, the present study fails to address the reason why fi sh-shape in ichthyopterygians evolved gradually through the major marine regression. This question is more problematic than the previous one in that it is not about a given suite of functions selected against by nature (i.e., Earth environments posing limitations upon evolving organisms) as in the previous case. Such a study is beyond the scope of the present paper.
The scores used to test the correlation between ichthyopterygian evolution and marine regression are probably too simple. First, each genus was not scored for its own body shape-rather, it was scored according to its general body plan chosen from only four alternatives: lizard-shaped, transitional, controversial fi sh-shaped, and fi sh-shaped. This simplifi cation was necessary given that only a limited number of genera are known from complete skeletons. Second, the scoring scheme for dark adaptation could be improved by using the f-number of each genus. However, doing so is beyond the reach of our present knowledge because it requires a three-dimensionally preserved skull with at least one complete sclerotic ring to be known for each genus. Third, the resolution along the stratigraphic column is at the stage level and not fi ner. This, again, was out of necessity because the fossil record of ichthyopterygians is punctuated with many gaps, with only limited number of fossil quarries available for specifi c stratigraphic sections. Fourth, the generic diversity data is not corrected for geologic biases. Given these four limitations, increasing knowledge in the future would undoubtedly lower the Spearman's rho value. Nevertheless, it is unlikely that the presence of a correlation will be rejected as a result of the improved resolution.
The reconstruction of the unpreserved caudal fl uke in Guanlingsaurus lingae is crucial for the inferences based on Figure 4 ; body outline impressions are known for the other three ichthyopterygians in the fi gure, although one of them is undescribed. A conservative reconstruction of the caudal fl uke of G. lingae was used in the present paper, but many other possibilities exist. An extreme alternative reconstruction is to give a large dorsal lobe that results in a symmetrical caudal fl uke. Such a reconstruction would result in an exceptionally large caudal fl uke given that the fl uke vertebral column is long, making Guanlingsaurus appear somewhat reminiscent of pikes and gars-these fi sh have a long and slender trunk, short tail, and tall caudal fi n complex combining anal, caudal, and dorsal fi ns (Webb, 1978; Frith and Blake, 1995) , although the tail stem of Guanlingsaurus was too narrow to fully support this analogy. Given that these fi sh use the tall caudal fi n complex for quick acceleration, it is possible that the caudal fl uke of transitional ichthyopterygians was also used for that purpose. Then, the ichthyopterygian caudal fl uke could have evolved for acceleration rather than cruising. However, this hypothesis, based on an extreme reconstruction of the caudal fl uke, is not adopted in the current contribution. Figure 4 reveals a new aspect that was not evident in Motani et al. (1996, fi g. 2) . That is, Mixosaurus is far off the diagonal line that connects Stenopterygius and Chaohusaurus (diagonal arrow in Fig. 4.2) , appearing between hammer head and thresher sharks in this morphospace. This may suggest a certain degree of cruising ability in mixosaurs, although they were clearly not tuna-like cruisers. The position of Mixosaurus along the diagonal line (the foot of dotted line in Fig. 4.2) is closer to that of Guanlingsaurus than on Chaohusaurus. If the diagonal line was used as the indicator of fi sh-shaped-ness, then it might appear that Mixosaurus should be given a fi sh-shape score more similar to Guanlingsaurus than Chaohusaurus. However, it is also true that Mixosaurus falls outside the charcharhinid ellipse unlike Guanlingsaurus. Therefore, Figure 4 does not contradict the fi sh-shape scoring scheme used in the present paper. I also tried separating mixosaurids from lizard-shaped ichthyopterygians when scoring for the degree of fi sh-shape (i.e., lizard-shape as 0, mixosaurid 1, transitional 2, basal euichthyosaurs 3, and fi sh-shape4). It resulted in the exact same statistics as presented earlier. It would be ideal to incorporate more ichthyopterygian genera into Figure 4 , but given the paucity of body impression fossils, I postpone such a treatment until a method becomes available to estimate the depth of the caudal fl uke rigorously.
As mentioned earlier, the diagonal arrow in Figure  4 does not necessarily represent the evolutionary trajectory of fi sh-shape evolution in ichthyopterygians. It is at least equally possible that the trajectory went through the mixosaurid design (i.e., deep body evolved before tall caudal fl uke), with Guanlingsaurus as an offshoot. It is necessary to clarify the body outline of basal euichthyosaurs to address this question. At least a few semi-complete specimens are known for Qianichthyosaurus, including the paratype (Li, 1999) and a referred specimen (Nicholls et al., 2002) . However, all of them lack the distal end of the tail, which makes it diffi cult to reconstruct the caudal fl uke with high accuracy. Judging from the angle of tailbend, however, it is most likely that the caudal fl uke was not as high as in parvipelvians, whereas the body was probably as deep as the latter. Such a body shape would place it in-between Mixosaurus and Stenopterygius in Fig. 4 , supporting a curved trajectory that runs through Chaohusaurus-Mixosaurus-Stenopterygius. More study is necessary to scrutinize this interpretation.
The example given in this paper suffers from the incompleteness of the part that links functional evolution with environmental changes. It is clear that further studies and new methodologies would be necessary to improve the situation. However, it does show the overall framework of how Earth environmental changes and functional evolution may be linked in the future.
The physics-based uniformitarian inference of functions from morphology as proposed in the current framework is valuable; without it, the overall inference of how Earth environment has infl uenced organismal evolution would suffer from one additional hole. Functional morphology is a useful tool in studying organismal evolution, and should not be ignored if at all possible. At the same time, it is recommended to incorporate physical principles in functional hypothesis as directly as possible. This contribution was given with a hope to encourage physical functional morphology to the broad paleobiology community.
SUMMARY
Functional morphology is an important link between the Earth environment and organisms, and therefore is crucial in studying how Earth environment has infl uenced organismal evolution in the past. The validity of functional morphology has been debated in the past, but incorporation of physical principles in functional-morphological hypotheses and their tests enables robust inferences. A series of such inferences can be examined against historical records of environmental proxies to test the correlation/correspondence between functional evolution and environmental changes of the past. Doing so with ichthyopterygians revealed that abilities to cruise and see in dark environments evolved at least coincided with the progress of a major marine regression of late Anisian-late Norian time. Whereas foraging in a large volume of water, through traveling broadly as well as deeply, may have proved benefi cial in the world where the shallow body of water was episodically shrinking, cause-effect relationship needs to be established in the future. Despite of the incompleteness of the example study, it is clear that physics-based functional morphology fi lls one of the major gaps in linking organismal evolution with environmental changes. It is recommended that physical principles be incorporated in functional hypotheses as much as possible.
